Genetic diversity and population structure were analyzed in the Lusitano horse breed based on pedigree information of animals registered in the Studbook, to identify factors which may have affected the genetic variability of the breed, and provide the bases for the establishment of sustainable utilization programs. Pedigree records collected from 1824 to 2009, including information on 53,411 animals, were used in the analyses. The mean generation interval was 11.337 5.23 and 9.71 74.48 years for sires and dams, respectively, while the mean number of offspring registered was 13.13 7 22.53 for stallions and 4.00 7 3.38 for mares. All great-grandparents were known for the animals in the reference population (registered foals born from 2005 to 2009, n ¼9712), which had a mean number of equivalent generations known of 11.20 70.71 and an average inbreeding of 11.34 77.48%. For this population, the rate of inbreeding per year was 0.173 7 0.070, and the effective population size computed from this rate was about 28. The mean relationship among animals from the same and from different studs was 0.31 7 0.16 and 0.15 7 0.10, respectively. In spite of the high within-stud relationship, inbreeding has been kept lower than expected due to restrictions imposed by breeders on selection and allocation of mates. The effective number of founders, ancestors and studs contributing to the current genetic pool was 27.5, 11.7 and 5.4, respectively. Over the last 30 years, contributions to the genetic pool of Lusitano have been decreasing, with a reduction to about one-half in the effective number of founders and ancestors. Of the 267 founder sires, only 9 Y-chromosome sources are currently represented, with an effective number of 2.23. The diversity of mt-DNA sources is broader, with 129 lineages represented and an effective number of 42.8. The results of our study reflect the intensive emphasis that has been placed on a few sire-families over the years, and raise concerns regarding the conservation of genetic diversity for the future. Methods designed to minimize inbreeding and maximize the maintenance of genetic contributions from different founders and ancestors should be envisaged, to prevent further losses of genetic variability in the Lusitano horse breed.
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Introduction
Horses have a long history in the Iberian Peninsula. The Lusitano horse is the most important native equine breed in Portugal, and it has contributed to the development of horse breeds in other parts of the world, especially in the American continent (Luis et al., 2007b) . Currently, there are approximately 5000 Lusitano registered breeding mares, of which about one-half are kept in Portugal and the remaining animals are spread throughout the world (Vicente et al., 2009) . For many years, the Lusitano and the Pura Raza Españ ola from Spain were jointly designated as Andalusian, Iberian or Peninsular horses, until the official Studbook of the Lusitano was established in 1967 (APSL, 2010) . However, these two Iberian horse populations had already been selected with different objectives for several centuries, i.e., the Pura Raza Españ ola horses were selected mostly for beauty, conformation and gaits, while Lusitano horses continued to be selected based on functional aspects, including their use in bullfighting and herd management (Bowling and Ruvinsky, 2000; Loch, 1986) . In recent years, both breeds have established breeding programs, aimed at the genetic improvement of their horse populations (APSL, 2010; MAPA, 2003) .
Different constraints have threatened the survival of the Lusitano horse through the years, especially in the 19th and 20th centuries. These included wars and foreign invasions in the 19th century, the mechanization of agriculture in the first half of the 20th century, political turmoils in several occasions, uncontrolled crossbreeding with other breeds, etc., which probably represented bottlenecks that may have caused a reduction in the Lusitano gene pool over time. As a consequence, despite the long tradition of Lusitano horses in Portugal for several centuries, in the period when the Studbook was established after 1967 the number of remaining animals was rather small, and the current population is considered to have derived from a reduced number of founder animals (Lopes et al., 2005) . Moreover, it is not clear if pedigree constraints occurred afterwards may have resulted in further genetic erosion.
The analyses of inbreeding and relationships, and their changes over time, have often been used to monitor the evolution of genetic diversity in a population (Falconer and MacKay, 1996; Hill, 2000) . In addition, parameters based on the probability of genetic origin from different herds (Robertson, 1953) , founders (James, 1972; Lacy, 1989) , and ancestors (Boichard et al., 1997) have also been used, to assess changes occurred in the population over a short period of time (Boichard et al., 1997) . These principles have been applied to the genetic characterization of different horse breeds, including the Asturcon (Royo et al., 2007) , Austrian Noriker (Druml et al., 2009 ), Franches-Montagnes (Poncet et al., 2006) , French race and riding horse breeds (Moureaux et al., 1996) , Hanoverian Warmblood (Hamann and Distl, 2008) , Lipizzan (Zechner et al., 2002) , Mangalarga Marchador , Mangalarga (Mota et al., 2006) , Pura Raza Españ ola , Quarter Horse (Tunnell et al., 1983) , Spanish Arab (Cervantes et al., 2008) , Standardbred (MacCluer et al., 1983) , Thoroughbred (Cunningham et al., 2001) and Trakehner (Teegen et al., 2009) .
The objectives of this study were to monitor past and current trends in the genetic structure of the Lusitano horse breed based on pedigree analysis, and identify factors which may have affected the genetic variability of the breed, thus providing the bases for the establishment of sustainable utilization programs designed to minimize further losses of genetic diversity.
Materials and methods

Animals
The information used in this study was obtained from the data files of the Fundac -ão Alter Real (FAR-National Stud) and from the Portuguese Lusitano Horse Breeders Association (APSL).
There are nearly 5000 active Lusitano breeding mares registered in the Studbook, spread by about 600 studs (APSL, personal communication, 2010) . The vast majority of these females are raised under extensive conditions, and breeding occurs mostly by natural mating. Until 1997, artificial insemination was not allowed by Studbook regulations, but since then it has been progressively used on a limited scale (APSL, 2010) .
The Lusitano Studbook was officially established in 1967, but pedigree records were kept since the mid-19th century by private producers and the National Stud. Until 1989, the Studbook allowed the registration of offspring from unregistered animals, as long as they corresponded to the breed standard, as decided by a jury of experts. After 1989, only offspring of registered stallions and mares could be registered, and since 1992 Studbook regulations require that systematic parentage testing must be carried out before an animal can be registered. Parentage confirmation was first carried out by blood groups, and since 1998 with microsatellite markers.
Data
Pedigree records were completed and validated with data provided by APSL, to include information collected throughout the world. Data were checked and validated for consistency of dates, individual identification, duplicates, etc. After editing, the data file included pedigree records of 53,411 horses, born from 1824 to 2009.
The genetic contributions of founders, ancestors, founding studs and founder genomes were studied, by considering a reference population which was defined as the group of foals (n ¼9712) registered in the Studbook with birth year from 2005 to 2009.
Pedigree analysis
Demographic analyses were performed with software specifically developed for this purpose (Carolino and Gama, 2008) and, where indicated, with the ENDOG v4.8 software .
The equivalent number of complete generations known per animal (n i ) was used to assess the degree of pedigree completeness, and calculated as s or d are unknown, then n s or n d , respectively, assume a value of À 1. Base animals were assigned a number of generations known equal to 0. Generation intervals were computed for the sires and dams of all foals born, and for the 4 paths of selection (average age of sires of stallions, sires of mares, dams of stallions and dams of mares). The latter were averaged to obtain a pooled generation interval (L).
Individual coefficients of inbreeding (F x ) and additive genetic relationships among pairs of animals were computed based on the numerator relationship matrix among all animals (Van Vleck, 1993) , with software developed by Carolino and Gama (2008) .
The degree of non-random mating practiced by breeders was assessed by comparing the inbreeding achieved and the relationship among sires and dams in a sample of 146 studs producing more than one foal per year in the period [2005] [2006] [2007] [2008] [2009] . In these studs, the mean inbreeding of foals born in a given year was compared with the average relationship among all sires and dams active in the same stud one year earlier, and these were averaged for the five years in study.
The regression coefficient of individual inbreeding on year of birth was obtained with the GLM procedure of SAS (SAS Institute, 2004) , and this was considered to be the rate of inbreeding per year (DF/year). The rate of inbreeding per generation (DF/g) was then computed as DF/g¼L (DF/year) and effective population size (N e ) was calculated as N e ¼1/2(DF/g). In addition, N e was also calculated based on the individual increase in inbreeding, as suggested by Gutierrez et al. (2009) .
The genetic contributions to the reference population of founder animals, ancestors and founding studs were computed, as described by James (1972) , Lacy (1989) and Boichard et al. (1997) . The effective number of founders (f e ), ancestors (f a ) and studs (f s ) were computed from those genetic contributions as
where subscript j corresponds to founders, ancestors or studs, depending on the situation considered, and q k represents the genetic contribution of a given founder or founding stud, or the marginal contribution of an ancestor (Boichard et al., 1997) . The effective number of founder genomes (f g ) was computed with ENDOG , to take into account the unequal contributions of founders and the possible random loss of alleles throughout successive generations due to genetic drift (Lacy, 1989) . This software was also used to calculate average relatedness (AR), which corresponds to the mean relationship of each individual with all animals in the pedigree.
A genetic conservation index (GCI), as proposed by Alderson (1992) , was computed for each individual, with ENDOG . The GCI is calculated individually in a manner similar to f e , and can be used to maximize the retention of genetic contributions from the different founders, with higher index values corresponding to individuals with a more balanced representation from a large number of founders. The evolution of GCI over time was assessed by obtaining the regression coefficient of the GCI per animal on year of birth, using the GLM procedure of SAS (SAS Institute, 2004) .
The genetic contributions of different studs supplying sires, paternal grandsires and great-grandsires to the reference population were evaluated according to Robertson (1953) , and computed with ENDOG .
The transmission of Y-chromosomes along the male path from founder stallions to the male foals in the reference population was analyzed. From the proportion of founder Y-chromosomes currently represented, an effective number of Y founders was calculated, using the same principles defined for the effective number of founders. Similar criteria were used to assess the transmission of mitochondrial DNA (mt-DNA) along the dam path, from founding mares to the foals in the reference population (Carolino and Gama, 2008) .
Results
The number of animals registered in the Studbook between 1967 and 2008 ( Fig. 1 ) has shown a steady increase in the number of foals registered up to 2004, especially after 1982. In recent years, the number of studs with foals registered was about 700, producing an average of 2.1873.00 foals per stud in the period 2005-2008, of which only 303 studs had more than 2 foals registered. Annually, the mean number of stallions and mares registered in the Studbook is about 100 and 300, respectively, with a cumulative number of 4562 stallions and 11,902 mares registered since the creation of the Studbook in 1967 until 2008.
The age distribution of sires and dams of registered foals ( Fig. 2) indicates that, on average, mares had their first foal at 5.447 2.04 years of age, while stallions are 7.3073.62 years old when their first product was born. Overall, the mean age of parents was 11.33 75.23 years for sires and 9.71 74.48 years for dams, indicating a long use in reproduction of both males and females, even though mares are kept active for a shorter period than stallions. As a result, the proportion of total offspring produced by sires and dams after 10 years of age was 51% for stallions and 40% for mares, and nearly 10% of the foals born are the offspring of stallions after 19 years of age. The long use of sires in reproduction could delay the benefits of the selection program, and would provide the opportunity for matings among close relatives, if no provisions are taken. Nevertheless, the number of parent-offspring matings in Lusitano is not too high (less than 2%), which probably reflects the concern that breeders have in avoiding those close matings.
The overall mean generation interval based on the age of dams and sires used in the Lusitano population was 10.52 years, and it was lower in mares by about 1.6 years. When the four paths of selection were considered (sires of stallions, dams of stallions, sires of mares and dams of mares), the mean generation interval was 10.28 years and, on average, parents of stallions were 1.2 years older than parents of mares. On the other hand, the age of sires of selected stallions and mares was about 0.5 years lower than that calculated when all sires were considered. The variability among animals in generation interval was quite large, with a coefficient of variation ranging from about 46% to 50% for the different paths of selection.
The mean number of foals registered per dam was 4.00 73.38 and the corresponding figure for sires was 13.13 722.53. The number of offspring produced per stallion (Fig. 3) indicates that about 52% of the stallions have less than 5 offspring registered, and only 10% have more than 40 offspring. Nevertheless, about 50% of the total number of foals born are produced by stallions siring more than 40 foals, with the highest number observed for one sire with 224 registered offspring.
Pedigree records were available from 1824 until 2009, such that the average percentage of known parents, grandparents and great-grandparents in the full data set (n ¼53,411) was 98.78%, 97.80% and 97.08%, respectively, while for animals in the reference population (foals born from 2005 to 2009) all those ancestors were known (results not shown).
The number of equivalent generations known per animal has increased steadily over the years, to reach a mean of 11.2070.71 generations known for animals in the reference population and 9.8772.04 generations for the full data set (Table 1) .
Average inbreeding was 9.92% for all registered animals and 11.34% for the reference population (Table 1) . Mean inbreeding per year of birth in the Lusitano population (Fig. 4) remained nearly stable up until 1995, and increased steadily afterwards, to reach a mean inbreeding coefficient of 11.64% for animals born in 2008. Presently, all animals born in the reference population have F x a0, b According to Falconer and MacKay (1996) . c According to Gutierrez et al. (2009 and N e were 0.75% and 66.5, respectively, but these figures changed to 1.59% and 31.0 in animals born from 2000 to 2008 (results not shown). The average relatedness calculated for animals in the reference population (Table 1 ) was about 0.135, while the mean relationship among animals in the same stud was about twice that observed for animals in different studs (about 0.31 vs. 0.14). The year means for the relationship between all animals and those born in the same stud (Fig. 4) indicate that, until the Studbook was closed in 1989, the mean within-stud relationship per year of birth oscillated between 29% and 38%, but since then it is increasing every year (from 30% to 37%). On the other hand, the mean relationship of all animals born in the same year has shown a steady increase from about 8% in 1970 to 18% in 2008.
The degree of non-random mating practiced by breeders was assessed by studying the association between the relationship among active sires and dams and the observed inbreeding per stud (Fig. 5) . Nearly 80% of the studs fall below the diagonal representing the expected inbreeding for a given relationship, and thus have a lower than expected degree of inbreeding, reflecting the concern of breeders in avoiding matings among closely related individuals. Nonetheless, 0.31%, 4.65% and 1.84% of the matings in the whole population were among full-sibs, half-sibs and parent-offspring, respectively (results not shown).
The 53,411 Lusitano horses registered up until 2009 result from genetic contributions of 796 founders (267 sires and 529 mares) from 110 founding studs, with 17,487 ancestors registered for the whole population. The cumulative genetic contributions of founders, ancestors and studs to the genetic pool of the reference population is shown in Fig. 6 , which clearly indicates a very strong influence of a few ancestors and founding studs to the Lusitano horse breed. Indeed, 50% of the genetic pool of the breed is justified by genetic contributions from 14 founders, six ancestors and two founding studs, with the two most influential founders, ancestors and founding studs contributing with nearly 20%, 33% and 51% of the genetic pool, respectively ( Table 2 ). The highly unbalanced share of the different contributors to the genetic pool of the reference population resulted in an effective number of founders, ancestors and founding studs of about 28, 12 and 5, respectively. Evidence of a strong influence of a few studs on the genetic pool of Lusitano horses is also supported by the effective number of studs supplying sires, grandsires and great-grandsires to the reference population, which was about 32, 10 and 8, respectively. Overall, the effective number of founder genomes, which takes into account the possible loss of alleles from the founders to the current generation, was about 6 (Table 2) . The progressive reduction in genetic variability occurred in the Lusitano population over the last few years is further confirmed by the decline in the effective number of founders, ancestors and founding studs contributing to the genetic pool of the population (Fig. 7) . In the period between 1980 and 1984, and 2005 and 2009 , the effective number of founders and ancestors represented in the population dropped by about 50%, and that of effective studs dropped by nearly 37%. Also, the number of founders and ancestors contributing to 50% of the genetic pool in 2005-2009 was only two-thirds of that observed in the period 1980-1984 (results not shown).
This trend in the reduction of founder and ancestor contributions was largely due to the heavy use of some popular sire-lines, which have been progressively more represented in the Lusitano genetic pool (Fig. 8) .
For example, the predominant ancestor of the breed (Agareno), which was born in 1931, had a contribution corresponding to about 10% of the genetic pool in the period 1980-1984 and nearly 25% in 2005-2009 . Furthermore, the 10 more influential ancestors in the current Lusitano genetic pool increased their contribution from 37% in 1980-1984 to 62% in 2005-2009. Of the 267 founder sires, only nine have contributed Y-chromosomes to the current population, and two sires have contributed 94.5% of the existing Y-chromosome sources. Following the same principles, of the 529 founder mares, there are only 129 with mt-DNA represented in the current population. The mare with the highest representation has contributed 7% of the current mt-DNA sources, and 16 founder maternal lineages justify 50% of the mt-DNA diversity. Overall, the effective number of Y-chromosome founders was 2.23 and that of mt-DNA founders was 42.8.
The number of founders represented in the contributions received by an individual, and the balance among them, was assessed by calculating the GCI of all animals. It is assumed in this case that higher GCI values correspond to animals with a more balanced representation from a large number of founders. For the reference population, the GCI had a global mean of about 9.5 (Table 1) , and ranged from 4.59 to 19.24. Over time, a reduction has been observed in the global GCI of the population, with a regression coefficient on year of birth of À 0.00974 7 0.00150 (P o0.0001, results not shown) for animals born from 1980 to 2009.
Discussion
The Lusitano has a very long history, with pedigree information dating back to the beginning of the 19th century, with more than 11 generations known on average for registered animals born between 2005 and 2009. This provides a very comprehensive amount of information to study the evolution of genetic diversity and of factors affecting it in this breed.
The number of registered animals in the Lusitano Studbook increased steadily after the 1980s, mostly because of the popularity of the breed as leisure horse and its success in various equestrian disciplines (e.g. carriage, dressage, working equitation, etc.). Currently, the Lusitano has a registered population of about 5000 breeding mares and 1000 stallions, which is comparable to the Lipizzan breed, with close to 3000 mares (Curik et al., 2003) , but is much smaller than the number registered for other breeds, including the Hanoverian with 19,000 females (Hamann and Distl, 2008) , the Pura Raza Españ ola with about 60,000 (Azor, 2009 ) and the Thoroughbred horse with over 100,000 registered mares (Ricard et al., 2000) . The existing Lusitano population is mostly the progeny of about 100 animals which were registered in the mid-1950s, as only 11 additional founders entered the population after this time, while the Studbook was open to new registrations up until 1989. The breed has, therefore, developed from a very narrow base, with a heavy influence of a reduced number of popular studs and stallions, which should have caused an unavoidable reduction in genetic diversity. The age distribution in Lusitano indicates that the first offspring are usually born when mares are, on average, 5.5 years old, and sires nearly 2 years older. This is largely because, to be registered as breeding stock, both sires and dams have to be submitted to a morpho-functional test, which in the case of sires requires that they are ridden by a horseman, and scored on gaits and conformation. Mares, on the other side, are scored when they are presented by hand to a jury of experts. This implies that horses must be trained before their registration in the Studbook, and this has obvious consequences in delaying the initiation of their reproductive career. Also, sires often enter reproduction after being used for several years in equestrian activities, while mares are frequently used only for breeding. As a consequence, the age distribution results in a mean age of breeding stallions higher by about 1.5 years when compared to mares, because sires initiate and finish their breeding function later than mares.
Overall, the generation interval in Lusitano is rather long, with a global mean for the four paths of selection of about 10.3 years. Nevertheless, this is in line with the mean generation intervals reported for other saddle horse breeds, including the Pura Raza Españ ola (10.1 years, Valera et al., 2005) , Mangalarga (9.49 years, Mota et al., 2006) , Hanoverian (10 years, Hamann and Distl, 2008) , Arab-derived horses in Spain (10.1-12.0 years, Cervantes et al., 2009 ), Trakehner (10.2 years, Teegen et al., 2009 and French saddle horses (9.7-11.8, Moureaux et al., 1996) , but higher than in draught horse breeds such as the Austrian Noriker (7.9 years, Druml et al., 2009 ) and the Franches-Montagnes (8.3 years, Poncet et al., 2006) .
Traditionally, modifications in genetic variability of a population have been assessed by evaluating the degree of inbreeding and its changes over time (Falconer and MacKay, 1996; Hill, 2000) , and programs aimed at maximizing the retention of genetic diversity usually recommend the minimization of the rate of inbreeding (Caballero and Toro, 2000) . For example, it has been recommended that the effective size of a population should exceed a minimum of 50, to maintain genetic diversity at an acceptable level both in conservation (FAO, 1998; Meuwissen and Woolliams, 1994) and in selection programs (Goddard and Smith, 1990 ).
In addition to the control of inbreeding, the assessment of genetic contributions from studs, founders and ancestors to the current population may provide a better understanding of the changes taking place in the genetic pool of a breed, especially when those are considered over a small number of generations (Boichard et al., 1997) . When only the number of founders, ancestors and studs contributing to the genetic pool is considered, the possibility of unbalanced contributions among the different founders, ancestors and studs is not taken into account, and the assessment of genetic bottlenecks is thus not possible. Hence, the use of an effective number is often preferred, which in the case of founders corresponds to the equivalent number of founders that would generate the same genetic diversity as that observed in the population studied, if they all had the same contribution. A similar approach is used when interpreting the effective number of founding studs and ancestors, which give further insight into the genetic changes occurred in the population in a short period of time. The relationships between N e , f e and f a provide information on the occurrence of bottlenecks in the population, such that f e should be close to N e /2 in a population where genetic drift has stabilized (Caballero and Toro, 2000; Sorensen et al., 2005) and the ratio f e /f a should be close to 1 if important bottlenecks have not occurred in the population (Boichard et al., 1997) .
In our study, the mean inbreeding in Lusitano horses born in the period 2005-2009 was 11.34%, which is similar to that observed in Pura Raza Españ ola , Lipizzan (Zechner et al., 2002) and Thoroughbred horses (Cunningham et al., 2001) . Over the last few years, the distribution of animals in different levels of inbreeding has changed in the Lusitano horse breed, such that presently all Lusitano horses have some degree of inbreeding, and there are fewer animals than in the past in the lowest (o5%) levels of inbreeding, as a consequence of the progressively higher relationship among breeding animals (Fig. 4) . On the other hand, a reduction has also been observed over the years in the highest inbreeding categories ( 425%) reflecting the concern that studs now have in avoiding matings among closely related individuals. As a matter of fact, the majority of the studs have a mean inbreeding of the foals which is lower than would be expected from the mean relationship among their breeding stock, such that, on average, the mean inbreeding was about 18% lower than it would be if no restraints were used in mate selection and allocation. Nevertheless, a few studs still have extremely high mean relationships among their breeding stock, and do not seem to be making a particular effort to minimize inbreeding in the foals produced. One possible way to keep inbreeding at lower levels in Lusitano is to exchange animals among studs, as the mean relationship between studs is less than one-half that observed within studs. Additionally, the exchange of registered Lusitano horses among countries which have been genetically more isolated could further reduce the mean relationship among breeders, thus lowering the level of inbreeding in the population.
Given the depth of pedigree knowledge, the reduced census of the population and the long use in reproduction of stallions and mares, it could be anticipated that the present levels of inbreeding in Lusitano would be higher than actually observed. This discrepancy is a consequence of the very high number of sires used in the Lusitano horse breed, with a sex ratio of nearly 5 mares per stallion, which is much lower than, e.g., the ratio of 45 mares/sire observed in Hanoverian horses (Hamann and Distl, 2008) . Due to the high number of stallions used, the mean number of offspring registered per sire is only about 13, and nearly one-half of the sires have less than 5 offspring registered. Nevertheless, 56 popular stallions have sired nearly 15% of the foals registered in the breed, with an average of 135 foals/stallion.
The rate of inbreeding per year in Lusitano was relatively low when the full data were considered (less than 0.01%/year), but it has increased over the last 20 years, to reach 0.17%/year in the period [2005] [2006] [2007] [2008] [2009] . As a result, N e has dropped to nearly 28 in the Lusitano population over the last five years, which is nearly onehalf of the recommended minimum N e for maintenance of genetic diversity (FAO, 1998; Meuwissen and Woolliams, 1994) and much lower than the estimates obtained for other horse breeds, including the Franches Montagnes (N e ¼62, Poncet et al., 2006) , Lipizzan (N e ¼ 102, Zechner et al., 2002) , Arab derived horses in Spain (N e ¼110-135, Cervantes et al., 2009 ), Austrian Noriker (N e ¼ 157, Druml et al., 2009 and Hanoverian (N e ¼372, Hamann and Distl, 2008) . Even if we consider the N e computed from the individual increase in inbreeding in the Lusitano (N e ¼ 41), it remains below the minimum recommended for maintenance of genetic diversity.
Of the 796 founders which gave origin to the Lusitano horse breed, large differences were observed in their genetic contributions to the current population, with two founders contributing about 20% of the genetic pool. The effective number of founders, which currently is about 27, has been declining steadily, dropping by nearly one-half from 1980-1984 to 2005-2009 . This result is in contrast to the expectation that relative founder contributions tend to stabilize in closed populations after a short number of generations (Caballero and Toro, 2000; McPhee and Wright, 1925) , a pattern which has been observed in Thoroughbred horses (Cunningham et al., 2001 ). This discrepancy must be a result of the continuing selection practiced in Lusitano horses, where the popularity of a few sires and studs over the last decades has increased enormously their contribution to the genetic pool, and caused the loss of several founder lines. This is confirmed by the analysis of ancestors contributions, with an effective number of about 12 in the reference population, and a decrease in f a of more than one-half between 1980 and 1984, and 2005-2009 . Currently, the predominant ancestor accounts for nearly 25% of the genetic pool, and the two major ancestors contribute about one-third of the diversity found in Lusitano horses, and are represented in 96% and 98%, respectively, of the pedigrees of animals in the reference population. Furthermore, the effective number of founding studs has also decreased to 5.4 in 2005-2009 , and two studs alone contribute with 50% of the genetic diversity.
The effective number of founders encountered for Lusitano is much lower than what has been reported for several other horse breeds (Druml et al., 2009; Hamann and Distl, 2008; Valera et al., 2005; Zechner et al., 2002) , and only comparable to the results obtained in the Thoroughbred horse (Cunningham et al., 2001) . Still, the ratio of f e relative to the total number of founders is about five times higher for the Thoroughbred, indicating that their more reduced number of founders (n ¼158) is better represented in the current population than in the case of Lusitano. Also for the contributions of ancestors, the effective number of about 12 calculated for Lusitano is the lowest when compared with those found in the literature for other horse breeds, which range between about 17 and 78 (Cervantes et al., 2008; Druml et al., 2009; Hamann and Distl, 2008; Poncet et al., 2006; Valera et al., 2005; Zechner et al., 2002) .
Taken together, our analyses of genetic contributions of founders, ancestors and studs indicate that a serious reduction in genetic diversity is taking place in the Lusitano horse breed, which is still not clearly translated as increased inbreeding, but is very evident from the progressive loss of genetic contributions of founders and ancestors, which has caused an overall reduction in the genetic variability of the breed. This result confirms the usefulness of using the analysis of genetic contributions for the management of genetic diversity, as proposed by Boichard et al. (1997) , as it provides information on the occurrence of bottlenecks in the population and the resulting loss in genetic diversity over a short period of time.
The comparison of N e , f e and f a can be used to assess the occurrence of changes in genetic drift and recent bottlenecks in a population, which are corroborated if (f e /N e )40.5 or (f e /f a )41, respectively (Sorensen et al., 2005) . In our study, the reference population had a ratio f e /N e of about 1.0, indicating that genetic drift is not stable in the Lusitano horse breed, with progressive loss of founder representation (Caballero and Toro, 2000; Sorensen et al., 2005) . This is further confirmed by the effective number of founder genomes of about 6.0, which is nearly one-fifth of the effective number of founders, and reflects the loss of alleles over time due to genetic drift. On the other hand, the ratio f e /f a was 2.34, confirming the occurrence of important bottlenecks in the population, due to the intensive use of a few popular lines. The GCI calculated for the reference population indicates that an average animal has a mean contribution of about 9.5 founders (assuming that they have a balanced representation), but there is a large variability among individuals in the number and balance of founder representation. The use of the GCI in a breeding program is expected to maximize the retention of the allelic richness present in the base population (Alderson, 1992) , but it does not take into account pedigree bottlenecks which may have occurred through non-founder individuals. Notwithstanding, of particular concern is the fact that GCI has been decreasing over time, confirming that founder representation is being progressively lost in the Lusitano.
The reduction observed in the genetic contribution of founders is even more expressive when the transmission of Y chromosome founder lineages is considered. sources represented and an effective number of nearly 2, with two lineages corresponding to about 95% of those sources in the reference population. For dam lineages, the representation of mt-DNA founder sources is more diversified than for Y chromosomes, with an effective number of mt-DNA lineages of about 43. Even though the results for Lusitano indicate a strong bottleneck on sire-paths, they are not as severe as observed for the Thoroughbred, where one sire alone contributes with 95% of the Y-chromosome sources represented (Cunningham et al., 2001) . For the founder mt-DNA sources, the 10 most influential mares contribute with 38% of the current lineages represented in Lusitano and 72% in the Thoroughbred (Cunningham et al., 2001) . Our results indicate that the variability in maternal genetic contributions, which has been reported to be small when the Lusitano horse breed was established (Lopes et al., 2005) , has been further reduced over the years, given the genetic bottlenecks which have occurred.
The detrimental effects of inbreeding are well known, and include a decrease in genetic variability in inbred populations and a reduction in performance known as inbreeding depression, which affects mostly fitnessrelated traits (Falconer and MacKay, 1996) . In horses, a reduction in genetic variability has been observed in several threatened breeds (Hedrick et al., 1999; Luis et al., 2007a) , and evidence of inbreeding depression has been documented for morphological (Gandini et al., 1992; Gomez et al., 2009 ), reproductive (Gonc -alves et al., 2011 Sevinga et al., 2004) and performance (Klemetsdal, 1998) traits.
Taken together, the results of our study indicate that the Lusitano horse breed currently has a mean level of inbreeding above 11% and an effective population size that has declined steadily over the last decades, reflecting the increase in the rate of inbreeding, which is now about 1.8%/generation. These results demonstrate that genetic erosion is occurring in the Lusitano at a considerable rate, and steps to control inbreeding must be undertaken. Notwithstanding, the rate and level of inbreeding have not been as dramatic as they could be, due to the large number of stallions used in reproduction, and because most studs exercise some care in mate allocation. Nowadays, the major concern in managing the genetic diversity of the Lusitano horse breed is the short-term decrease in genetic variability due to the loss of genetic contributions from founders and ancestors, more than the long-term effect of inbreeding itself. Currently, nearly one-third of the genetic pool is contributed by two ancestors, about one-half by two founder studs and almost only two Y chromosome founder lineages are presently represented.
The results of our study reflect the intensive emphasis that has been placed on a few sire-families over the years, and raise concerns regarding the conservation of genetic variability for the future. Methods designed to minimize inbreeding and maximize the maintenance of genetic contributions from different founders and ancestors have been proposed for different livestock species. These include using molecular and pedigree information in selection decisions, maximizing genetic contributions from different ancestors, planning mating decisions, restricting family size, optimizing effective population size and generation intervals, etc. (Alderson, 1992; FAO, 1998; Fernandez et al., 2005 Fernandez et al., , 2008 Meuwissen, 2007; Sonesson et al., 2000; Villanueva et al., 2004; Woolliams, 2007; Weigel, 2001 ). An appropriate combination of these methodologies should help preventing further losses of genetic variability in the Lusitano horse breed.
Conclusions and implications
Our study with Lusitano horses indicates that a serious reduction in genetic diversity is taking place in this breed, which is mostly evident from the progressive loss of genetic contributions of founders and ancestors. Changes in selection and mating strategies should be envisaged, with the aim of minimizing inbreeding and insuring that genetic contributions from different founders and ancestors are balanced, in order to maintain genetic variability for the future.
